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EXOTIC DECAYS OF LIGHT MESONS

Peter Herczeg

Tlworetical Division

Los Alamos National Laboratory

Los Alanlos,New Nlexico 87545

Abstract

We discuss the information one could obtain on physics beyond the minimal

utandard model from ~tudie~ of the rare and forbidden decays of To, q and q’.

1. Introduction

My task in this talk is to try to assess what one could learn about physics

beyond the minimal standard model [1] from studies of the decays of the light

neutral non- fla-mrcd mesons. By “exotic decay” we shall understand a decay mode

or a decay mechanism which is not a]!owed in the minimal standard mode]. our

attention will be restrictml to the decays of no, q and q’ [2], which appear to be the

best tools for the issues we consider.

We shall focus cm q-decays, for which the question of sensitivity to possible

[Iew physics has not been invest igatml yet to the same degree as for the no, To do

so is timely, especially in vi~w of the rcccnt discovery at Saclay [3] of the possibility

of high-flux tagged q-beams. Alung with the discussion of q-decays we shall review

briefly, for completeness nncl for comparison, the pertinent decays oft he fi”. Where

it appmua useful, we shall consider also the decays of the q’,

The m“, q ad q’ have both nonlqtonic decay modes and decay modes involv-

ing leptons. We shall consider the nonleptonic decay modes only in connection

with studies of (! P-violation, sinre ill (! P-conserving obsmvables the theoretical

uttwrt.ainties would not allow a n?w f-ontribution to be discerned. A lTIOTl#the
decays involving leptons thcrr are “neutral current decays” (decays ill which the
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total charge of the Ieptons is zero) and ‘~charged current decay s.” “1’ile7r0 has only

neutral current decays. Neutral current decays consist of forbidden decays (e.g.

q + p e) and allowed decays. The forbidden decays probe the existence of inter-

actions that vi{date the symmetries of the minimal standard model. The allowed

decays receive a contribution from the elect rornagnetic interact ions (in the case of

decays involving charged leptons ) and a first-order cent ribution from the neutral-

current interaction of the minimal standard model. They can probe the existence

of additional flavor-conserving neutral currfnt interactions. New neutral current

couplings are present in many extensions of the minimal standard model, generated

for example by the exchange of new neutral gauge-bosons or I-!iggs bosons, or by

the exchange of leptoquarks, The neutral current decays of the no are sensitive

only to isovector neutral current interactions. These involve only the u- and the

d-quark. The neutral current, decays of the ~1(and q’) probe isoscalar neutral cur-

rent interactions. In addition to couplings involving the u- and d-quark, isoscalar

neutral current interactions may contain neutral currents involving the s-quark and

also he&vier quarks.

For equal coupling strength, the branching ratios of AS = O neutral current

decays are much smaller than those of the AS = 1 neutral current decays, This is

due to the large difference in the lifetimes of the decaying mesons. F~r example,

t.h~ branching ratio of KL + pe for a pseucloscalar coupling is [4] Z3(I{L + pe) H

104 [ h~~) I*, and the branching ratio of no + pe for the same type of coupling

:s B(# --+p) & 10-’ I g~j) 12 (see @ 5.4), where h$} and g~j) measure the
strength of the couplings relative to G/~, h“~ --+ pe could not be, of cou[se, a

stibstitute for To -+ pe, since it is sensitive to a different interaction,

In the first and second part of the talk we shall discuss decays that have a bear-

ing on the electron-quark and on the muon-quark interaction, respectively. Part

4 deals with no, q and q’ decays involving neutrinos and some other light weakly

interacting particles, In part 5 we discuss muon-number violating decays, rtnd in

part 6 decays that probe some aspects of the charged current

part of the talk is devoted to decays sensitive to t! P-violating

the talk with our conclusions.

2. Elect;*on - Quark hteractions

,K” -+ e+e -

Beforr addressing the decay To -+ t +c ‘“, let us considrr

commonto To --+e+e-, q ---+e+e - and q -+ p+p-. All these

interaction. The last

interactions. We cnd

some general features

decays are suppressed

in the minimal standard tndd, since the dominant amplitude is proportional to
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nI~Ck2(m~ = mass of thr Iepton). me general form of the P --+ ~+f - (P = no, q )

amplitude is (see e.g. Ref. i5j)

Ilf(P +(”+(’”) =( Iul~5!’+ hit’ (2.1)

aud the decay rate is given by

where r = (1 –4~2~/71?~)1/2. The constants a and 6 can be decomposed as

~=b(n) (2.4)

where at C) is the electromagnetic cent ribut.ion, and a( n), 6(n) represent cent ribut.ions

from non-electromagnetic (effective neutral current ) interactions [6]. We shall

consicler only tree-level cent rihutions for the latter; consequently a(n) and b(’) are

real.

The present experimental value of the no + e+ e- branching ratio B( m“ -+

e+e–) s r(~” + e+e-)/I’’(7r0 --+ all) is [7].

B(7ro + f+c- )C.pt = (1.8+0.7) x 10-7 (2,5)

One has I Ima(C) la 2.6 x 10-7, yielding the unitarity bound B(r” + e+e”- ) >

4.7 x 10-s. Let us introduce the quantity

w =[WJ=) +~(n))2+(~(n))211/2/ I ~~~a(’)I (2.6)

The ●xperimental result (2.5) allows (at the 95% confidence level)

() < +=) <2,4 (2.7)

A cent ribution to z:) corms from .?ea(” ) [8]. The only other contribution

in the minimal standard model is the one due to ZO– exchange, which is however

negligible (see below ). In general no -+ c+ e - can receive a contribution fronl an

efktive neutral-current interaction of t he form

where G is the Fermi coustant. ad



JP = ~(fii?5u–~i75d) . (2.10)

If the intcracticm (2.8) is due to the exchange of a boson X of mass m=, the

quantities g~~) (fmci also the analogous quantities in sections 3- 5) are proportional

(ignoring the width of X) to l/(p~ -m:). For To ~ e+e-, for example in the case

of a spin-zero boson exchanged in the s-channel, ((;/ ~)g!~ ) = ~~~~’/(m~ – m:)

where ~~ and ~~’ are the couplings of X to the leptcms and quarks, respectively.

The amplitudes a(’), N”) are given by

<O IJplnO>= m~pp . (2.14)

on? l~m pA = -j~/m~ fi(~~ is the charged-pion decay constant defined by

< 0 I c17A7au [ r+ >= if~p~), and pp N pAmR/(mM + m.d) & .+ 8 (for mU = 4,2

MeV, m~ = 7.5 MeV). Thus

~(n) N +(7.9 x lo-lO)gf; + (1.2 x lo-qg$j , (2.15)

h(n) & *(1,2 x lo-a)g:j . (2.16)

In the minimal standard model g~~ = 1, g$j = ~:; = O and therefore 6(”) =
O, anti a(”) is negligible (1 a(n) I % 3 x 10-3 I lm.a(’J 1)

‘1’he ●xperimental result (2.5) implies

and, aaeurning I Rta(’) [ ~ 2 I Ima(’) [,

lg& +6.6x lo-’g~j I S1 .

Thus, barring cancellation,

19$:1:1

(2.17)

(2.18)

(2.19)



and

19:,1 I <lJ ~ 103 . (2.20)

What information is available on qllant it ies g~~, g~~ and g$j~ from other data?

Constraints based on the uncertainty in calculations of the hyperfine splitting of the
groutld state of the hydrogen atom are I gfj I <40, I g~j I < 210 [9] (for P: ~

O, if (2.8) is clue to the exchange of a boson X). From a measurement [10] of the

ratio R ~ w(e+e– ~ h)/a(e+e– -+ p+p– ) for 14 CJeV to 46.8 GeV center of mass

energY we find I g~~ 1,1 g~~ 1,1 gf~ [ ~ O (1) (for m= >> 46.8 CJeV). The

g~~ –term contributes to the electric dipole moment of the neutron ( Dn j and the

electric dipole moment of the electron (D,). The present experimental limits on
D. and De suggest I g~~ I ~ 10-2 – 10-].

A conclusion is that (2.19) is the best limit on gy~ even for rnz >> 46.8 CleV

(or for g$~ independent of momentum transfer). More accurate experiments will

yi~lcl better bounds on Z$ ). Given such bounds, the presence of gj~) – terms would

be difficult if not impossible to discern, in view of the theoretical uncertainties in

the value of Rea( e).

~ ~+e–

The present experimental limit for B(q 4 e+ e- ) is [7]

B(q ~ c ‘e–) <3x 10-* (90% ccl.). (2.21)

The imaginary part of the electromagnetic amplitude is I Im.a(e) I R 2.9 x iO-7

[11], implying the unitarity bound B(q + e+e - ) z 1.7.5 x 10-O. I Rea(e’ I is

expected to be of the same order of magnitude or smaller than [ lma~e ! [ [12],

Hence three is a large unexplored domain of branching ratios between the present

linlit and the electromagnetic contribution.

The limit (2,21 ) implies for the quantity r:), defined in the same way as Z$)

(Eq. 2.6),

o<#) <414 , (2.22)

The decay q e e+e - is .wnsitiw to an ismwnlar cffm-tiw nmt.ral mlrrent in-

teraction [13, Neglecting contributions from Iieavy quarks (c,b,t, . ..). the most

general non-derivative four- fertnion interaction that can cent ribute to q -+ e+ c - is

0{ the form

L:n) ~



< () [ hA~ I ~ > = im~~A~A (2.34)

<O IKPIT?>=77+P (2.35)

<0 [ iA~ \ 9> = imqiiApA (2.36)

<Olii-plrl> = nl~kp (2.37)

The quantities ~A, kA cannot be calculated as reliably as pA (Eq. 2.13), which

is related to a measured matrix clement by isospin symmetry. The use of SU(3)

symmetry does not solve the problem completely, since q is not a pure SU(3) octrt

state. To estimate ~A and %A we shall assume q = qIJcouO – qosine (and q’ =

q8sine + ~costi), i e. that q is a linear combination of the octet state q8 and of
the singlet state q. only. We shall take ~q8 = –1.25~7r/fi in < 0 [ Ao~ I q8 >

= if~8~A(Ai~ = @Y~Ys(Ji/2)g~i = o! ...8) [14] and assume < 0 [ AIJA I qO >,

<O IAo~lqe>ROo For O and /qO in <0 [ Ao~ I q. >= i/qOp~ we shall use

0 & –20° and ~qo 2 -~./ W [14,15), deduced from the experilnentaA values of
r(no -+ 2y), r(q ~ 27) and r(q’ + 27).

We obtain then

~A % iO.16 (2.38)

iiA R T0,18 (2.39)
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(sign ~A = - Sign fn),
To estimate ICp and EP we use the equations for 8xA8~ and d~Ao~ and ignore

the contribution oi the gluon anomaly [16]. We find

(with m. N 150 MeV). Using (2.38 - 2,41) the q ~ e+e- amplitudes are

In the minimal standard model ~~~ = – j, ~~~ = O, and ~~j) = fi~) = O for ij

= PP, SP; thus h~n) = O and a(n) is negligible (1 a(n) [= 1.4 x 10-3 [ Imat’) ]). The

limit (2.21 ) implies (barring cancellations).

(2.44)

IF;J 1!1f:: I ~150 (2.45)

[Tpper bounds on the axial-vector couplings are much weaker than (2.45).

Constraints from other data (valid under the conditions stated for g~~) earlier)

are I ~~je) 1,1lj~) I ~ 0(1) (ij = AA, PP,SP) from e+e- - h. The hydrogen

ground state hyperfine splitting provides i ~~! I< 70, and much weaker limits

for i~j, t~~ J&l” (~~)~=Pt and (D~),~Pt suggest I ~~j [ <10-1 -10-2 ancl

ifyJl~lo

3. IMuon-quark Interactions

V+A4 -+u-

The experimental value for the q -~ p+p - branching ratio is [7]

Z3(q --+p+p-) = (6.5+2.1) X 10-0 (3.1)

&e has [ Im.a(”) IN 1.5x 10-5, implying the unituity bound ~(q --+ P+ P- ) Z

‘L’)defined in analogy with (2,5), one obtaina from the4.3 x 10-0 [11,17,18]. For Zv

result (3, 1) at the 95’%oconfidence level

0< Zy) < 1.2 (3.2)
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The decay 7 -+ p+p - is sensitive to a neutral current interaction of the same form

a? (2.23), but with e replaced everywhere by p [191. The amplitudes a(n), b(’) are

also the same as (2.30 - 2.33), except for e ~ p. Us~,,g (2.38 - 2.41) we find

~(n)
a +1.5 X 10-7~~~ + 1.9 X 10-5#” T 1.7 X 10-7 ~~~ T8.2 X 10-7 &“ , (3.3)

b(n) R +1.9 x 10-5 f:: + 8.2 x 10-7 ~&# . (3.4)

In the minimal standard model ?APJ = – #, ~~~ = O, and ~fj~) = ~~)~)= O for

ij = PP, SP. As a result h(n) = O, and a(n) is negligible ([ a(n) la 5.7 x 10-3

[ lma(e) I). The experimental result implies (barring cancellations)

If:: l,<l (3.5)

[jy:l <22 (3.6)

and, assuming I Rea( c ) I <2 I lma(’) [.

[ 53 (3.7’

~ 58 (3.8)

5315 (3.9)

I ?:i I s 280 (3.10)

Infornlatjon on ~~’ and f~’ can be deduced from the results of a cross-section

asymmetry measurement in deep inelastic muon-nucleus scattering [20]. The mea-

sured asymmetry is sensitive to interactions involving an axial-vector quark current.

The result agrees with the prediction of the minimal standard model within the ex-

perimental error, which is about 3070. This implies roughly I f~~ I ~ $ (for

m= >>15 GeV, if the new interaction is due to the exchange of a boson i~ ). The

cent ribution of a ~y’ - term to the asymmetry would be suppressed by 1 - 2 orders

of magnitude, since the corresponding current does not involve the valencr quarks

of the nucleou. Constraints from hyperfine splittings of muonic-atom levels are
very weak, mainly because of the relatively large t haxetical uncert aintiea [21]. For

~~~ and ~~ limits of ( ~~) 1 ~ IO-1 - 10-2 and I ~~~ I ~ 1 are suggested by Dn.

As in the case of To –t e+ e-, detection of the presence of a new interaction

from a nonzero 2~) would be hampered by theoretical uncertainties in the value of

Rea(e).
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4. Neutrinos nnd Sonle Other Light Particles

7P, ?l. ?)’ -+ vu’

These decays can proceed only if the neutrino states of both chiralities exist,

or if lepton-number is not conserved. Consequently, they are forbidden in the

minimal standard model. Below we shall discuss the decays To ~ VV’, q ~ VV’

and q’ - VV’ assuming that all (additive) lepton numbers are conserved. Then

v’ = u where v is any of the known neutrinos, or any possible new neutrino (with

m“ < rep/2).

The general form of the W“ ~ vu amplitude and the expression for the

no - vu rate are those in Eqs. (2. 1) and (2.2). Since the electromagnetic contri-

bution is absent, the amplitudes a and 6 are a = a(’) and b = b(n).

The experimental limit [22]

B(nO + X)ezpf = x( r r“ ~ Xi)/I’(~O ~ all) < 2.4 x 10-5

a

(90% Cl.) (4.1)

holds for no-decay into all possible final states made up of unobserved weakly in-

teracting particles of sufficiently long lifetime.

The decay no 4 vii is sensitive to an interaction that can be obtained from

(2.8) with the replacement e ~ v, q~~) ~ g};) (ij = A.A, PP, SP). In the minimal

standard model (where g~~ = 1, g~~ = ~y = O), extended to incorporate

massive neutrinos, the branching ratio for x ‘-decay into a particular neutrino pair

is [23]

B(m” + Vv) 3 (3 x 1O-*)(1 – 4m; /m:)1’2(?n. /?nn)2. (4.2)

The branching ratio (4.2) has a maximum & 3 x 10-9 at m“ = m*/fi = 55

MeV.

For the general interaction the brunchmg ratio in the limit m v = O is [22]

13(7r0-+ vu) N lo-6[(g:J)2 + (9:J)2].

The experimental limit (4, 1) implies

(4.3)

(i ==e,p, ~,...) (4.4)

For m“ A V,PC, m“ + Vkfip and #J + v.z~ one has the more stringent limits

[24]

E(7O - ~efie )erpt < 3.1 x 10-6 (90% CJ.) (4.5)

B(nO ~ vLI~p Lpt < 3.1 x 10-6 (90% c.I.) (4.6)
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implying

[(9:;))2

vr~r )ezpt < 2.1 x 10–6 (90% Cl.) (4.7)

+ (g:;) )z]1i2 < 1.8 (i=e, p) (4.8)

[($f:; ))’ + (9:; ))211’2 s 1.5 (4.9)

There is no direct experimental information on q ~ VU. A weak limit

B(q ~ .x) z ~r(q -+ .Ya)/17(q - all) < 10-’ (90% Cl.) (4.10)
i

for q-decay into final states composed of unobserved weakly interacting particles

of long enough lifetimes follows from the total branching ratio for neutral q-decays

and from the branching ratios of particular neutral q-decays [25].

The decay q ~ VGis sensitive to an interaction that can be obtained from (2.23)
(e)

with the replacements e ~ ‘) .f~j + f:j” ) 1 i?!;) 4 /\Ju) (ij = AA, PP, SP). In

the standard model (~~~ = – ~, ~~~ = (), f~,”) = jfj~) = O (ij = PP, SP)) with
massive neutrinos, the branching ratio for q-decay into a particular neutrino pair is

l?(q - I/v) = (4 x 10-9)(1 – 477z:/?7z; )l@v/mJ*, (4.11)

where we have used the value (2.39) for kA. The branching ratio (4. 11) has a

maximum of B(v -+ v~) & 4 x 10–10 at mp = mT/fi = 224 MeV. In the limit

mv = O only P-type couplings contribute. An experimental upper limit of lG-6,

for example, would set an upper bound of about 0.4 on I f&! I or I ~~~ [, and an

upper bound of about 8.5 on [ fqPu’ I or [ f~~ [ [261.

g’ ~ Vti

This decay is sensitive to the same general neutral current interaction as
q + VP. In the st.mdard model with massive neutrinos we find

B(V’ 4 vu) a (1,3 x 10-10)(1 – 4n7;/m:l) l/~(m. /mq~)2, (4.12)

which has a maximum value of B(v1 ~ VU) = 1.3 x 10-11 at m. = 391 MeV [26].

Experimental information on the couplings relevant for no - vu and q, q’ A vu

is available, of course, only on those involving the ve and the VP. The agreement

of the experimentally deduced vP-quark interaction with the one in the minimal

standard nlodel [27] indicates, roughly, that I ~~~ ) I ~ 0( 1/10) ( for rnz heavier

10



than about 10-20 GeV, if the underlying interaction is due to the exchange of a bcxmn

i~ ). The constraint on [ ~~~ ! I is weaker, probably by an order of magnitude. The

results of the experiment of Ref. [28] c1] the y-distributions in deep inelastic v~,

uP scattering imply [ g:’) [, I g~$) [, I j~# ) 1, [ ~y~ ) I ~ 0.4. The contribution

of the j~~ ) and ]$~ ) terms to the cross section is expected to be suppressed, and

consequently the limits on ~y~ ) and ~q~y) are weaker, probably by an order of

magnit ucle. The low-energy reaction fied - Uertp [29] indicates, roughly, [ g$~) [,

19:;) I < o(l~.
The final states in r“, q, # ~ X may inclucle other particles besides neutrinos.

An example is the decay into photinos, if they are sufficiently light. A recent

●stimate [30] of the branching ratios for To ~ ~~ yields B(iTO -+ ~~) s 5 x 10-8. “

While the decays P ~ vfi are sensitive to pseudoscalar-type couplings, other

types of neutrino-quark interactiolts could be probed through the decays q, q’ +

Mvti, where llfl is a meson (or mesons) with appropriate quantum numbers [31],

An interesting case is q ~ 7*vv. This decay can occur in the minimal standard

model only via isospin invariance breaking effects (for a discussion of the analogous
decay q -t ne~ see Sect,ion 6). One expects therefore the branching ratio to be

around 10-13 – 10-14. Beyond the standard model q ~ T*VC could proceed via

neutral second-class currents [32], m via an interaction which couples neutrinos to

a scalar quark current. For the known neutrinos we would expect the upper limits

for branching ratios of q a 7* vu geiierated by second-class or scalar couplings to

be not larger than those in Eqs. (6.4), (6.6), (6.9) and (6.10). But for decays

into a new neutrino the branching ratio could be larger. An upper limit on

l?(q ~ m“ “X”) would, for example, set constraints on the scalar couplings of new

neutrinos.

7r”. r7,?J’+ vc~

‘X’he

[33]

Unlike To, q, # ~ VV’, these decays are allow~d in the minimaJ standard model,

differential rate for no -+ VC? decay into a specific neutrino pair is given by

dr ~2m4

z
= I’0(1 –4Si?IzOW)2ti r (1 – X)3(1 -b/4~)(1 – b/z)l/2, (4.13)

where b = 4rn~/rn~, z = 1 – 2E/mm, f? = photon energy in the no-rest frame

and I’. z I’(n” ~ 27). For nlassless neutrinos the resulting branching ratio is [34]

r(mo ~ WT ) G’2m~. .—— ——. _
1’(no -+ 27)

---—-( 1 - 41~in2t?u~)2.
= l!)20n7r3

(4.14)

11



Thus, to the extent that the effects of the neutrino masses can be neglected, and if

there is no a~preciable contribution from other final states, To -+ y “X” would be

a reliable tool for determinin~ the number of neutrino families, Unfortunately, the

branching ratio (4.14) is very small: for sin2i?w = 0.23 [27] one obtains

The rates of q ~ vtiy and q’ -+ v~y cannot

rate of 7r0 ~ IJOy. An estimate [34] yields B(v ~

~fiy) & 2 x 10-14.

~o-19, (4.15)

be calculated as reliably as the

v~~) N 2 x 10–15 and l?(q’ ~

In addition to 7r0, q, q’ -L vD7 the decays 7r0, q, q’ ~ “.Y”y may include other
decay modes, for example the decays r“, q, q’ -t ~~-yo The branching ratio for
r“ ~ ~~-y was estimated in Ref. [30] to be 13(n” ~ ~~y) ~ 10-12.

~ggs Bosons. Axions

Some decay modes of the q aad q’ could

boson, m for nonstandard Higgs particles,

~OP+P - and q’ ~ r“p+p-e The present

aid in the search for the standard Hig.gs

Such a~e the decays t?’ + qp+p-, q +

experimental limits for the branching

ratios are [35] 1.5 x 10–s, 5 x 10-d and 6 x 10–5 respectively, Assuming the absence

of a CP-violating electromagnetic interaction , one-photon-exchange is forbidden

for these clccays; two-photon exchange leads to branching ratios much smaller than

10-O. Another decay mechanism could be P’ a PH ~ Pp-kp- (H s Higgs boson),

The above experimental limits for the branchinb ratios may ah’eady exclude some

mass range for the Higgs boson [36], depending on the theoretical uncertainties in

the calculations.

Axion-like particles COUIC1be searched for, e.g. in the decay q ~ T+n-a [37],

Assuming that the axion-like particle mixes with the light pseudoscalar mesons with

a strength z 4 x 10-4, the branching ratio is expected to be of the order of ~ 1,0-5

[37]. Another possibility at light-meson facilities is to look for the production

process p + d - Hes + a [37]. The cross section is expected to be of the order of

(10-7 – 10-8)a(p + d ~ l?e3m0) [37],

5. Muon - Nun~ber-Violation

In th~ minimal standard model muon-number (as WF1las electron number and

tau-number ) is conserved, and consequently processes such as p --* ey, KL -

pe, To ~ pe, etc. are forbidden. The underlying reason is that the neutrinos

are nmssless and that the 2° and the Higgs boson have only flavor-diagonal cou-

plings to the fermions, [f the minimal standard nloclel is cxtt=nded to incltlde

12



massive neutrinos, muon-number violrtt ion is expected, hut. from the existing limits

on the masses of the neutrinos one can conclucle that the rates of muon-number

violating processe? would be too small to be observable. However in some other

extensions of the minimal standard model some muon-number violating processes

may have rates near the present experimental limits. Here we shall consider the

decays m“ + pe, q + pe and q’ 4 pe.

To + Ue

This decay has been considered in Refs. [38] and [39].

for the branching ratio is [i’]

B(7r0 +p+e-)+B(lr” -~-e+) < 7x 10-8

The no + pe amplitudes have the same general form

(2.1 ). The decay rate is given by [40]

The experimental limit

(90% CL) (5.1)

FMthe amplitude in Eq,

r(n” -pe)~(mm/8m) (l-r~)2(\a]2 + [612) , (5.2)

where rP = m.P/rnfi. To ~ pe is sensitiv? to a quark-lepton interaction of the form

L = (~/@ [(g:;) iy~~ + g~; ) E7A75/~)~AA
(5.3)

+ (9~J) @p + gj~) ~iysp)Jp + H.c.

where JA~ and JP are given by Eqs. (2,9) and (2.10).

Let us consider the case when only pseudoscolar-type couplings are present,

The no ~ /e branching ratio is tilen

Z3(7r0 ~pe)~ 1,1 x 10 -’W2 [1 gy’) I* + / J&? I*) , (5.4)

where w = rnw/(rrcU +rn~),

Constraints on the couplings in (5,3) come from experiments searching for

P- 4 e- conversion in nuclei, Stringent experimental lhnits exist for coherent

P-4e - conversion [41,42]. The couplings in (5.3) do not lead however to coherent

conversion. The conversion str~ngth is expected to he spr~ad, with rm avrrngc

electron energy of about 80 MeV, as the average neutrino energy in ordinary l’,~uon

capture. In Ref. [41] the ●lectron spectrum was meaourml for electron momenta

above 80 MeV/c, A comparison of this spectrum with the one expected from p-

decay in orbit and fron’ radiative ~-capture leads to a limit [391 on the sum of the

p- + r’- convcrsion rates corresponding to . hwtron momenta between 80 Me V/c

and tile Illaximum ckctron lllonlrl~t~lll] ( 104,7 MeV/c), Assullling that tl]is suIn
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accounts for a hrdf or more of all IL- 4 c- transitions implies for thr total If- -+ e-

conversion rate the bound

r;:(32s) / rfi:(32s)~8 x 10-9 (.5,5)

(l_’~ = total ~t- +32S - VP+32 P* r~te m 1.3.52 x 10esec ‘1). r~~ can be estimated

using the closure approxinlation, The result [39j and the limit (5,5) imply

I 9$) 12+ I 9y;) 1’ < (“5x 10-7)QJ-2 (5.6)

and consequently [39]

B(n” ~pc)~6 X 10-10 , (.5.7)

For To - pe clue to axial-vector type couplings the upper bound on B(nO ~ pe) is

smaller by a factor of 20,

The bound cm B(n” ~ pe) would be weaker than (5,7) if the sum of p- ~ e-

crates in the region of electron momenta above 80 MeV/c would represent a smaller

fraction of I’~J (32S ) than assumed, and/or if the average electron energy was smaller

than + 80 McV. However, the values of these quantities are not likely to differ

appreciably from those taken. The bound (5.7 ) could be violated considerably

in the unlikely event that the q~ + pe transition is mediated by a light boson of

mass near that of the pion, exchanged in the s-channel. This would produce an

enhancmnent factor in the ratio B( @ -+ pe )/ r:;t due to the boson propagator (see

Ref. 39).

Hence th? conclusion [391 for To -+ pe is that the upper bound on I?( r“ + ~tc)

is not likely to bc larger than about 10-15.

Thew is no direct experimmtal il~formation ou this decay, A limit [43]

l?(r) -pe) <8 x 10-2 (9070 C. Ii) (5.8)

ran be eatablisheri from tlw total branching ratio for charged t~-decays and frol~l

branching ratios of partic~tlnr chnrgerl q-dernys, m drcay q A pe is srnsitiw to

a quark- lepton interaction of the form



with

(5.10)

(.5.11)

where ~A~, I~p, ~A~ and ~p are given ~y Eqs, (2.26), (2.27), (2,28) and (2.29).
‘(” ) ternls cent ribute ( theLet us consicler the case when only the f~’)-and ~,$P -.

constraints on the branching ratios of q 4 pe due to the other ternls in (5.9) turn

out to be more stringent [44]), The q ~ pe branching ratio is then

(5,12)

where 2P is defined in (2.37), The limit (.5.5) constrains also the couplings in (.5.9).

For the contribution of (5.9) to the total IL - + e- conversion rate orI a nucleus of

charge ~ and atomic number A we obtain

(5.13)

where E is the average electron ●nergy, I f$~ l~Vis an average of I 4P [2 (4P = muon

wave function; @M(0) = 1), and J(n) “~-_Ots a nucleon-nucleon correlation parameter,

For the case under discussion

(.5.14)

whrre fip is defined by c: N’ I f~p I N >= fiP1~iy5N, Froln (5,45), (5,12) and

(5.14) it follows that

B(V + @<(2.7 x lo-12 )(kp,/iip)~ , (5.15)



we shall assume ~A cz (10–1 – 10–2)F’A, where FA is given by < IV’ I l{A~ \ i$l >=

FAN7~~5N. Then also < ~’ [ ~{~ [ N >3< ~’ [ ~{A – ~A I ~ >. The

latter matrix element can be evaluated using SIT(3) symmetry. We obtain (with

F = 0.477, D = 0.756 [46]) ~A N 0.37 and consequently ~p N 0.21 – 0.021. It
follows (using the value (2.41 ) for Zp ) that

Z3(7? + pe)~7 x 10-’0 . (5.16)

This upper bound corresponds to ~A = 10-2 FA. For ~A = 10-1 F’A one would

have B(q ~ pe) ~ 7 x 10-12. ~;ivell a vallle of ~A, values of B( ~ 4 }le ) larger

than those allowed by (5.16) cannot be completely ruled out, already because of .

the possibilities mentioned for no ~ pe in connection with the bound (.5.7). in

additicn, the value of [ Zp [ could be larger than that in Eq. 2.41 (although probably

not by more than a factor of two [16]). Finally, B(q .+ pe) could be larger than the

upper limit in (5.16) if pe couples to a heavy quark (c, b, t, . ..) current fo~ which

the ratio of q -+ vacuum and IV ~ N matrix elements is Iarr-r than [ Zp / lfP [.

The wune general neutral current interaction which ccntri~utes to q ~ pe

would contribute also to q’ -+ pe. In the same framework m the one we used above

for q + pe, we find for ~A = 10-2 FA the upper bound on B(7?’ + pe) to be smaller

than the upper bound (.5.16) for q ~ p? by an order of magnitude [44].

(3. Charged Current Interact iol~s

The trrtn “second-class currents” is used for hadronic currents which have

opposite (;-parity thau the usual quark currents (jr&q’ [4’7], Second-class currents

comtructed froi]l quark fields must contain derivat,ivcs of the quark fields, and are

not allowed therefore in a renormaiizable gauge theory with elementary quarks.

It WM pointed out by Singer [481 that thr decays q -~ nev, and q -+ n/(vP

hnve the special feature that they are forhiddrn for a first-class vector current, but

allowed for a second-clam vector, or a smwldclnss tmsor Cllrrent..

Let us consider q -~ reeve assuming an intmaction



where JA‘(2) is a primitive second-class vector current chosen so that (6.1) is C!P-
invariant. Llsing the results of Ref. [48], the q + meu, branching ratit} is given
by

B(v + rev=) N (1.7 x 10-10 )(G$)~+/G)2 , (6,2)

where ~+ is a fornl factor in < n [ V(z) [ q >, The best limit on G!z) comes from

a bound on the induced scalar interaction in ~-decay [49]. This implies I G~2‘js I

~ 2.4 G’jM, where ~s and jM are the induced scalar and the weak magnetisnl form

factors. It

Assuming

follows

fM Ifs

hat

B(V + 7rev, ) - lo-9( ffiff+/fs)* . (6.3)

~l,lf+l ~1 one has

B(V + ~eue) <10-9 . (6.4)

Second-class interactions involving a muonic current would be governed in gen-

eral by a different coupling constant, and might even involve a different second-class

current (similarly, second-class current cent ributions to the decays ~ ~ qmv~ would

be in general unrelated to those in q ~ rev, or q ~ TIWP ). We shall assume

here for q 4 TpvL a ,’oupling of the form (6.1) with CJ\2) replaced by G’\2). Using

the results of Ref. [48], and neglecting the contribution of the f_ form factor in

< n [ V’2) [ q > we find

B(7) + mpvp) % 1.2 x lo-qc; y)f. F/G)2 , (6,5)

Second-c]ass interaci.ions involving muonic currents arr constrained by p-capture

rates, The best limits [50] imply I ~J~)~.q/G I ~ 3. Thus

B(q’ + npvp)~ 10--10 , (6.6)

assuniing [ ~5 [=[ ~M I and [ f+ [s, 1,

The decays q ~ T4U can ptweed also via a second-class tensor coupling [48],

The upperhoundm on q 4 T(V clue to such w interaction WOIIICInot be prohnhly

very different from (6.3) and (6.6).

For CP-vioieting second-clam interactions the limits frotn $.({ecay and p-

capture rates are weaker, because there is no interference in the rates hetwem

such swOnd-cla88 rurrent coupiings and {<II?first-class ones, 13ut tht llpp~r limits

on the branching ratios of q -+ rrt,, and r] --* rpvu aw smaller t.ttmn those in (6,4)

and (6,6), {Iue to Coiistraints illlpmwd by ( 1~,,)CfPt (SCC Eq. 7,4),
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scalar Currents

The clecays q -+ nev, and q ~ mlLV& can proceed also via first-class scalar

currents [48], Scalar couplings are far less exotic than second-class currents. They

can be generated for example by the exchange of charged Higgs bosons, which

are present. e.g. in the standard model extended to contain more than one Higgs

doublet. Let us consider the coupling

Ifs = (G/ti)h’g&d + H.c. (6.7)

l?(q ~ reu, ) due to (6,7) is given by [,51]

B(q “+ rev, ) & (4.7 x 10 -11) , ~(e~ ,2 ~: (6.8)

where gs( t ) is given by < n+ [ iid I q > = tigs(t)mv. gs is related to the matrix

element of the divergence of the vector current, and can be expressed in terms of

the quark nmsses as [52] gS(0) = m~/rnv(mU + m~)fi E 1.75. 1 he best limit on

h(e) comes from the experimental value of the ratio of the rates for 140 ~ 14 Net .Ss
and T+ ~ n“e+v decays, implying I h~J I ~ 0.4 [53]. It follows that

B(q -+ 7reve) 2.3 x 10-11 . (6.9)

For a coupling hy~ defhed as h\~~ in (6.7) but with e replaced by p, we deduce

from the results of Ref. [,50], roughly \ h:’ [ ~ 0.6. We find then

B(q --+ 7rpf/p)<4 x 10-11 . (6.10)

We note yet. that the decays q + rev, and q - TpuK occur also in the minimal

standard model due to isospin invariance violating effects. The corresponding rates

are expected to be smaller than the upper limits (6,4) and (6,6) by about four orders

of magnitude.

7. CP-Violation

The interaction responsible for tl~e observed C P- violat ion in the neutral kaon

systcm has not been identified as yet, [t could be the usual weak interaction, or

it resides outside of the minimal stan(tard nlodel, In ext~nsions of ttw nlinimal

standard nmdel there are many pmsibl? sources of (; P-violation, which can give

rise to a variety of CP-violating effects. H~m we shall consider the ●ffects of CP-

violating interactions in the decays of n“, q and )/’,



The decays .P ~ 37, where P is a C = +1 pseucloscalar meson, are forbidden

in the limit of C-invariance. They can be induced by a P-violating CP-conserving

interaction, or by an interaction which violates C and CP. Since the first nlecha-

nistn is provided by the usual weak interaction, the main interest m P 4 37 is in

connection with the CP-violating mode.

The present experimental limit for the branching ratio l?(r” ~ 37) =

r(ro -+ 3y)/r(# ~ all) is [7]

B(r” ~ 37) < 3.8 x 10-7 (90% CJ.) (7.1)

Before considering no ~ 37 due to some new interaction, it is important to
have rut estimate of B( r“ ~ 37) due to the usual QP-cm~serving weak interaction.

We shall denote the latter contribution B(n” ~ 37)W. An estimate of II(n” ~ 3y)W

was given by Dicus [54] based on a quark-loop model. He finds

where G is the Fermi constant, and rn is an effective quark mass, The high power

of rrt~/m in Eq, ( 7,2) is clue to the fact, that the simplest effective Hamiltonian for

To ~ 3y contains seven derivatives [5,5], This renders To -+ 37 extremely sensitive

to the value of m. In Ref. [54] m = TnN ( mN ~ IIUC1=OI1 lIIaSS) WFLS ChOS~nt @l&tlg

B(TO ~ 37)U, ~ 10-31*6, where 10*” is a guess of the error involved in the

estimate. For m = (1/3)m~ one would obtain B(r” -~ 3y)W N 7 x (10-20+0).

‘1’here is some indication that m in quark-loop calculations may have to be taken

as light as 120- 150 MeV [56], With m = ( l/7)rnN Eq, (7,2) would yield l?(rr” -+

3y)W & 6 X (10-2 S*6). As can be seen from here, the size of B(rO - 37)W is

quite uncertain, but itappears that it is not Iikuly to bc larger than -10-18,

The CP-violating contribution to B( To A 3y ) in the minimal standard model
is negligible relative to 13(m“ ~ 3y )~, Tllrr~ nrc two mllrces of C’P-vifdntifwl in

the minimal standard model: the O-term in the effective QC!D Lagmngian and the

Kobayaahi-Maakawa (KM) phase 6 in the quark mixing matrix.

The (Ltmn does not contribute, as it is C-conserlting, and the KM CP-violation

cent ributes to To ~ 37 (and to any flavcw. conoervit~g nonleptonic procms) only in

second-order in the weak intmaction [57],
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Ckmsiderimg CP-violating Contril>lltions from possilde new interact ions, it. can

be shown [58] that in renormalizable gauge mc dels with elementary quarks the flaw w

conserving ncmleptonic interactions of the quarks do not contmin in iirst order a P-

conserving CP- violating component. The CP-violating contributions to l?( To ~

37 ) in such models are therefore also negligible relative to 6( m“ -+ 3y )U,. In

models with composite quarks P-conserving CP-violating effective interacticms may

conceivably be present at the quark level, but their strength is Inost likely weaker

than that of the weak interaction.

The conclusion of the above discussion is that. in the current theoretical franle-

work To + 37 is not expected to occur at ~~i observable level. But iet us free

ourselves now of all theoretical prejufiices MI(I allow for the existence of a flavor-

conserving C- and CP-violating interaction (‘F), or for the existence of a C- and

CP-violating plmton-hadron interaction (H-,n ) with st rengt h (~ and ~e~ respec-

tively ) constrained only by experinlentl, Such interactions have been iilvuked in the

sixties to account for the observed CP-violation [59]. The most stringent bound

on ] and ~.n, comes fronl the experimental limit [W]

Dn < 2.6 x 10-25~cm (95% Cl.) (7.4)

for tilt electric dipole moment of the neutron Dn+ A rough estimate of Dn due to

~is [61]

D. z (e/nl~) (Gmfi/4n),f , (7,5)

W]lf’?l’eT7?pjis the llUCkOIl 1118sS. T]]us I ~ I ~ 1.3X 10-5. The same ~JOUll(l is

ol)tainmi for j~m, Allowing an order of magnitude error in til;~ estin}ate, w? trike

the limits for ~ and f,mto be [ ~ I ~ 10-4 allrl ~],rt [ ~ 10–4, 7r0 4 37 due 10

Z and ~~~ was investigated by Tarasov [62], The ratio ~( no + 3y)/1’(7r0 -+ 27 )

is proportional to (mW/7i7)12 rat her thtm to (rn R/fi)g, since now r( fi” ~ 37) does

not involve the Fermi constant; fi is an effective rtlass, taken in Rcf, [62] to I)e of

the order of the hadron masses into which m“ dissociates. ‘1’rtrasov argues that for

values of his parameters, which correspond here to [ f ] ~ 1 or ] je~ ] ~ 1, the

To - 37 branching ratio can be B(mO ~ 37) ~ 10– U. Then for I ~ [ ~ 10-4 (i}r

ILII ~ 10-4 ) one would have

L?(T”--+37 )~,fi-,,, < 10-’7 (7,6)
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1) + 32

B(q ~3~) is expected to beenhance drelativeto B(TO x31) hecauseof the

high power of (???P/ra,, f ) (n?~ S mass of the decaying meson) involved in the

P ~ 37 rate [63]. An estiamte of B(q ~ 37 )W can be obtainccl from the estimate

of B( no -+ 37 )U,of Dicus by replacing n?= by Tn ~, and n?.by another effective nlass

~h. If we take ti = ( l/5)mN we obtain [64]

B(V -+ 3?)U, a 3 x 10-19*6 . (7.7)

For q ~ 3y due to ~ or ~,~ the guess is

The present experimental limit for B(q ~ 3y ) is [7]

B(V + 37)c2pt <.5 x 10-4 (90% Cl.). (7.9)

Tl!.==.Gkl
IJsing the estimate of Dicus, and taking ~l??N for t!~e effective quark mass – a

slightly larger value than for q ~ 3y in (7.8) - wc obtain (using 1’(?]’ -+ alf) s 240

KeV [7]) B(qf ~ 3y)U, 52 x 10-le*d.

For ~1’~ 37 generated by ~ or ~~em we have from (7.8) B(q’ 4 37) ~ 3 x 10-e

if r(q’ ~ 37)/i’(# + 27) N (m.vl/nt,, )lzr(?l + 37)/1’(~ -+ 27). However this is

~trol)ably an overestimate, since the effective intermediate hadron mass for q’ -+ 3y

is presulilaldy larger than that for ?1~ 3y.

The present experimental limit for the q’ -+ 37 branching ratio is 13(q’ -+

3y) <10-4 (90% Cl.) [65].

This decay violates simultaneously P- and CP-invariance [66]. It can be in-

duced by a P-, CP-violating interaction ( HP,CP ), or by a P-conserving C!P-violating

interaction (Hcp) through interference with the usual weak interaction.

Tile present exr)~rhedd limit for B(q ~ r+n’”- ) s f’(q -- m+~- )r(q + 011)

is [7]

B(q + m+7-) < 1,5 ~ 10-3 (90% C.l. ). (7.10)

A rough esti]nate of the q ~ r ‘n- rate can be obtained by comparing q -+ 2m

to Ks + 2R. We expect
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where S1 ~ sin61 , (@i are the quark nlixing angles), Rnd f is the strength of l/P,~P

relative to the weak interaction, or the strength of Hcp relative to the strong

interaction. lf Hc;p is due to ‘R,m then ~ & -ez~em; otherwise j = j (see the

discussion of no -+ 37 earlier). From (D,, )tzPt (Eq. 7.4) we have I \ [ $ 10-4( I j /

~ 10-4ez in the case of R cm)! so that &,~ ~ 3 x 10-7 and therefore

B(q+7r+7r-)<1..5x 10-’5 , (7,12)

Let us consider q ~ m’-x- in the minimal standard mm++. ‘1’lle contrib~ltion

clue to the Kill phase 6 is negligib~e, since It appears only in second order (one

expects (&,K)J 5 (Gnt~/sl ~)2(s~szsss6)2 implying 13(tI -+ r+n–) ~ 10–29 [67]).

Calculations [68,69] of q -t m+rr- due to the d-term yield BIq ~ T+m- )e a 9tM2.

The contribution of the d-term to Dn can be estimated in the sanle framework.

The result is [68] D~ = (3.6 x 10-1e)8ecnt, so that O~ 7 x 1o-1o. It follows that

B(q + 7r+i-)e$5 x 10-17 . (7.13)

A different estimate (A. %.mi, Ref. 2) using the QCD rules of Ref. [70] yields a five

times larger upper bound.

Examples of models where CP-violation in the flavor-conserving nonleptonic

sector occurs already in first order are left-right synm~et ric models [71] and Weinb-

erg’s Higgs model [72]. B(q ~ 27r) in these models have not been, to my knowl-

edge, estimated, The strength of the relevant CP-violating interactions in these

models is constrained to be less than - 10–4 relative to G’ (in left-right symmet-

ric models by (Dn ),ZPt and (d/c),ZPt [73], in the HiggS Indel bY (~n )ezpt [74] ).

B(q + 27r) should obey therefore the bound (7.12). In view of the surrounding

uncertainties the possibility of somewhat larger values for B(q - n+ r– ) cannot be

ruled out.

r?’ 4 277

The q’ ~ 27r rate has not yrt been estimated, to my knowledge, in any model.

A rough estimate, aa for q -27 in ( 7.11), conlparing q’ ~ 2T to Iis + 27r yields

B(q’ ~ 2m)~6 x 10-1’

An experimental limit of B(7’ + memo),tpt <10-3 (90% cl.) has been es~ai~-

Iished [651 for the branching ratio of q’ ~ m“ro. For I?(q’ ~ r~m - ) no experimental

limit is available as yet,
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~ ~oe+e - ~ ~om+m–
g.n

I
+n’ +lr-~

0 + – and the C-violating asymmetries in q 4 7r0n– n+ andThe decay q - fi e e
q, # ~ r+u-~ have been investigated in the lJast to set limits of ~ and ~p~ [75].

Let us consider q ~ n“e+ e- wit h the interaction ~, Using the results of Ref.

76 and the present ●xperimental limit B(?J ~ fi”e+e - ),=Pc < 5 x 10–5 [7] we find

(identifying 3 with the ratio of the ptpr anclpmr coupling constants) I ~ I ~ 3 x 10-2.

About the same limit foUows for ~,~ for an isovector ~,~. For I j I <10-4 (the

rough limit from J2n) we would have B(q ~ r“e+e- ) <4x 10-1O. The G’P-invariant

contribution from two-photon exchange is expected at the Ievd of 10-8 – 10-9 [77].

An experimental limit on B(q 4 x“e+ e- ) at the 10-0 level would set an upper
bound of + 5 x 10-4 on I ~ I and ] ~.~ ].

The as ~mmetries in q ~ finfi and q ~ mm7 (see Refs. 76 and 78) are (unlike

B(q ~ r“e+e - )) linear in ~ (or ~e~ ). The asymmetries in q ~ n“fi+m- have been

measured with a sensitivity of -W10- 3 [7], implying I ~ I ~ 10-2 and a comparable

upper limit for I i=~ I. The upper limit on the C-violating asymmetry in q e
m+ m-~ is of the order of 10’2 [7], which does not provide a significant limit. The

asymmetry in q’ ~ mr~ is about an order of maguitucle more sensitive than in

q ~ mr7 [78] but it has been searched for so far only with a sensitivity y of -U 10-1

[75].

Leu ton Pol arization in P ~ /+~-

An interesting o!>servahle in P + t+t- decays (P = pseucloscalar meson) is
the degree of Iongit uclinal polarization P of the ~+ (or t-). The amplitude is
given by Eq. (2.1). If the meson is an eigenstate of CP, the parity-conserving

amplitude is C!P-conserving and the parity-violating amplitude is CP-vicdating [79].

As a consequence, the Ieptons can have a longitudinal polarization only in the

presence of a CP-violating quark-lcph.m neutral current interaction [80]. In the

minimal standard model P therefore vanishes. The polarization (defined as P =
(NR – NL)/(JVR + NL), where NR(NL) in the number of p-’s (or p+ ’e) emerging

wit h positive (negative) helicit y ) is given by

where r is given by Eq. (2.2). Since 6 = h(n) is real, we can write (7.14) as

(7.14)

P =
mprz ~(n)~ma(.)

4mr
(7.15)
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The experimental P ~ t’+/- rate :. ~~‘s bounds on r(P~) (defined as xm‘e) in Eq. 2.6).

Since r I b(”) 1< Z$) [ lma(=) 1, we Imve

(7.16)

The largest upper bound corresponds to Z$) = 1. Note that P = 1 for Rea(e) +a(n)

= (), Z$) = 1,

The actual size of P depends on the strength of the SP-couplings in the effective
neutral current interaction.

Let us comidcr P in no + e+ e - [5]. The amplitude b(n) is given by Eq. (2.12).

The interactions that give rise to the g$~-term contribute also to the electric dipole

moment of the ●lectron and to the ●lectric dipole moment. of the neutron (in orders

Gg~’ and Gg~’a for leptoquark exchange and Higgs exchange, respectively). We

find that (~n)..pt (Eq. 7.4) indicates, roughly, I g~~ I ~ 10-1 – 10-2. It follows
that

pro-~+=- ~0,8 . (7.17)

The upper limit in (7.17) corresponds to I g~~ la 10-1 and Rea{e) + a{n) ~ O (and

therefore to B(7r0 ~ e+e-) s 5.7 x 10-8).

The 6-amplitude for q ~ e+e- is given by Eqs. (2.31) and (2,33). The rough

limits for ~$~ and ~~~ are I ~~~ I ~ 10-2 – 10-1 and I ~~~ [ ~ 0( 1), It follows

that

I P,+e+e- I ~ 1 (7.18)

The upper limit in {7.18) corresponds to Rea(e) -+ a~n) = O, rh~n) = Ima(e) (i.e. to
(e)

xv = 1). The branching ratio would be then 13(q ~ e+e- j ~ 3.5 x 10-9,

Even at the Ievcl of P R 1 a search for Iepton polarization in To ~ e+ e-

or in q + e+e - (evm for the anticipated higher q-fluxes) would be forbiddingly

difficult because of the small branching ratios and the small analyzing power for

e* -polarization measurements.

A search for muon polarization in q -+ ~+ p - might be less demanding, because
of the possibility y to measure muon-polarization through muon-decay [81], and also

The limit I ~~$) [ <0(1) invo!ves the assumption that the contribution of a coupling

involving the s-quark to the uc’utron dipole Illolnent is suppressed (for equal coupling
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strength) h,y a factor of 10 relative to the contribution of an interaction involving

the t– and d-quarks. If the suppression is stronger, P~+vP ccndd be larger than

(7.19)0

The vanishing of P for q ~ p.+ p- (and # ~ e+ e-, q -+ eAe- ) in the minimal

standard model is in COlltraSt with p ill ~\-~ ‘+ #+}/ -. ?ti~_#P is Ilollzero in the

minimal standard model due to the fact that 1{~ is not a CP-eigenstate. The

~-t.erlll ill ~f-~ = f“z + t~’1 giVeS riSe tC) [ pK~ -,, P [& 10-3 [82], which sets the level

below which one could not search for new physics. P~~ _,,,, provides, of course,

information on other types of CP-violat. il.g interactions than Pro -~e or P,l+et.

8. Conclusions

The main purpose of the analysis contained in this talk was to prepare ourselves
to give an answer to the questioli of which experiments in the field of the rare

and forbidden decays of the no, q rind q’, excluding decays with forbiddingly small

branching ratios, could give us new inforlnation on possible physics beyond the

minimal standard nlodel. We conclude with the following, most :ikely incomplete

list:

● Searche~ for q ~ e+e - below the present erpcrimentnl upper limit oj 3 x 10-4

for the branching ratio.

The electromagnetic contribution to Zl(q ~ e+ e - ) is expected at the level of

-2xlo-9– 10-0, An expmimental upper limit on 13(q -+ e+ e- ) of the order of

10-0 would yield upper bounds of --4 x 10-2 on 1=0 pseudoscalar e – It, d couplings

and

●

and

on th~: branching ratios into other possible weakly interacting light particlm.

●

upper bounds of the order of one on 1=0 pseudoscalar e – s couplings.

Improving ihe iimits on B(r” -t .Y), D(7 ~ .Y), I?(T” ~ ~i~i), a?l(f 5Yetling

limits on l?(q’ + X) and B(q, q’ ~ ~~p~). Also, setting linlits on B(?), q’ -+

MX)(M 5 meton or mesont).

This would constrain ncutrino-qtlark couplings for both the known neutrinos

also for possible new neutrinos. The P -+ X limits woulcl in acldition set Iilllits

Improving the limits on B(T) 4 r“p+p - ), .~(q’ ~ n“ptp - ) and l?(~j’ -~

W+P-)”

‘This would extend the searches for light Iiiggs Imsons,

● Searches for q ~ pe with a uen,~itiuity to

and smaller,

These would provide rww information on

branching mfio,~ of w 10 “9 - 10 10

possible muon-number violating in-

teractions.
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● Searche~ for q 4 ~eve nnd q ~ n~IIIP at the branching ratio lrorl of 10”-e –

10-10 and below.

These would set new limits on second-class vector current, couplings. Searches
with a sensitivity * 10–11 and better would provide also new limits on scalar charged

current q::ark-lept.on couplings. In renormalizable gauge theories with elementary

quarks second class current must be absent,. Charged scalar current couplings can

arise for example in the standard model with an extended Higgs sector.

c Searches for q - 37 and 1]’ ~ 37 at the branching raiio level of 10-10 and

below.

In current theories a CP-violating contribution to B(q ~ 37) is expected to “

be smaller than the contribution from the CP-conserving weak interactions. A

guess for the latter is 13(q - 37) cz 3 x 10-le*e. However, phenomenologically

B(V + 37) % 10-10 cannot be ruled out, It should be noted that the interpretation

of a null result in terms of a limit on a CP-violating coupling constant would be

difficult because of the large uncertainties in estimates of B(q -+ 37).

● Improving the limit on 13(q ~ n e0 ‘e– ) and on the (?-violating asymmetries in

7] + #7r+7r– and q’ -+ rfiy.

In current theories the CP-violating contribution to q 4 r“e+e - as well as the

C-violating asymmetries are expectecl to be negligibly small. Phenomeuologically,

the experinlentt 1 !imit on the electric dipole moment of the neutron inciicates that

the CP-violating contribution to B(q ~ r“e+ e- ) should be below the contribution

of Z-y-exchange, and that the C-violating asymmetry in q - m“m+r- should be less

than 10-q. Nevertheless, limits on ~ and ~,~ (for the definitions see the discussion

of 7r0 ~ 37) independent of the dipole nloment would be useful.

● Searcheu for mtton polarization in q ~ p+p - at the z 10-1 level and Iwlow.

Such studies would provide information on (: P-violating muon-quark neutral

current interactions,

1 would like to thrmk D. Aide, (~. 11’Anlhrosio, P. IWpomnlier, J. F. llmnghu~,

P. Fleury, F. J. (~ihnan, C, M. Hoffman, B, M. K. Nefkens, J. C. Pcng, S. A. lbby, S.

P. Rosen, P. Singer, M. D. Slaughter, 4, %ni and T, N, Truong for informative and

st.imldating conversations, I would also like to th~iik the Organizing Cmnmitt,ec for

asking me to giv~ a talk on this subjrct. This work WaIIs~lpporterl by the [Jnitml

States Department of Energy.
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